One of the problems with iron removal from groundwater is organic matter. The article presents the experiments involved groundwater samples with a high concentration of total iron -amounting to 7.20 mgFe/dm 3 and an increased amount of organic substances (TOC from 5.50 to 7.50 mgC/dm 3 ). The water samples examined differed in terms of the value of the ratio of the TOC concentration and the concentration of total iron (D). It was concluded that with increase in the coexistence ratio of organic substances and total iron in water (D = [TOC]/[Fetot]), efficiency of Fe(II) to Fe(III) oxidization with dissolved oxygen decreased, while the oxidation time was increasing. This rule was not demonstrated for potassium manganate (VII) when used as an oxidizing agent. The application of potassium manganate (VII) for oxidation of Fe(II) ions produced the better results in terms of total iron concentration reduction in the sedimentation process than the oxidation with dissolved oxygen.
INTRODUCTION
The presence of iron in the drinking water supply is not harmful to human health, however it is undesirable. Bad taste, discoloration, staining, deposition in the distribution system leading to after growth, and incidences of high turbidity are some of the aesthetic and operational problems associated with iron in water supplies. Iron removal from groundwater is, therefore, a major concern for water supply companies using groundwater [3, 25] . Iron removal from groundwater is based on transforming soluble ferrous iron (Fe(II)) (by oxidation) into insoluble ferric iron (Fe(III)) compounds. Iron is oxidized with oxygen or other oxidants (potassium manganate (VII), ozone, chlorine), and with the use of ironoxidizing bacteria [1, 27] . In oxygen saturated water deprived of organic substances a quick oxidation of Fe and H + in water, and to a smaller degree, with an increase of water temperature [9, 11] . Gonczarow et al. [5] proved, that half times of oxidation reaction of Fe 2+ to Fe 3+ , at oxygen partial pressure equal to 21.3 kPa, extended greatly along with an increasing concentration of hydrogen ions in treated water and for pH=7, pH=6 and pH=5 amounted to approximately 4 min, 6 h and one month. In natural waters where organic substances are present, at the same pH values, pO2, concentration of Fe 2+ , the speed of iron oxidation is several times less, which, according to some researchers [1, 5, 19, 28] is caused by stabilization of Fe 2+ by organic compounds. In the presence of organic substances, especially humic acids, the reaction of forming complexes with Fe 2+ ions competes with oxidation of Fe 2+ to Fe 3+ and precipitation in a form of iron(III) hydroxide. Many researchers claim [5, 22] [5] . As a result of aeration the easily sedimenting agglomerates of iron (III) hydroxide do not precipitate, instead, colloidal and water dissolved colour iron bonds with organic compounds are forming for the removal of which conventional groundwater treatment systems such as aeration, sedimentation and filtration are not sufficient [6, 13, 14, 15, 16, 23] [11, 29] . Several researchers [5, 6, 22, 29] suggest various mechanisms of binding iron by the humic acids. As Gonczarow et al. [5] as well as Pandey et al. [22] (Fig. 1) . Fig. 1 . Structure of iron-humic complexes [5] At pH ≥8.0 H + ions dissociate from hydroxyl groups whereas at pH=4.6-4.9 dissociation of H + ions starts from carboxyl groups. According Narkis and Rebhun [29] at pH ≥ 8.0 humic substances are completely dissociated. Humic substance has many COOH and Ar-OH groups, which can be partially ionized into the corresponding anions, COO -and Ar-O -, in water to afford a polyanioncharged molecule. It is inferable that a humic substance molecule having the functional groups and/or their ionized preferentially interacts with surface cationic sites (Fe 3+ ). According to numerous researchers [5, 6, 12] , one of the reasons for iron stabilisation by organic substances in groundwater may also be formation of the so called protective colloids of hydrophilic character as a result (HOOC) [16, 21] . Furthermore, as Sawiniak found [24] , using chlorine leads to formation of iron compounds of colloidal character which are not retained on deposits of rapid filters. The advisability of applying other oxidizers such as ozone, hydrogen peroxide is also questionable. According to Graham [23] , the mechanism of ozone oxidation is based on transforming the structure of humic substances as a result of breaking heavy molecular weight particles into smaller ones which causes a damage of the conjugated system affecting the colour, but also causes formation of sideproducts of the ozonation process such as aldehydes, ketones and carboxyl acids [7, 8, 18, 21, 30, 32, 32] . Thus, oxidation efficiency is apparent, because colour reduction is not always in line with a release of iron ions from complexes and their oxidation as well as lowering of DOC concentration in treated water.
Knocke [9] demonstrate that free chlorine, hydrogen peroxide and even ozone were ineffective for Fe(II) oxidation when the iron was complexed by certain samples of humic and fulvic acids. Molecular weight of the DOC had a key role in this regard. Higher molecular weight organic compounds more efficiently protected Fe(II) from the oxidant. Results of the research carried out by numerous researchers [2, 4, 9, 10, 12, 19, 20 24] showed that for oxidation of Fe 2+ occurring in combinations with organic substances it is beneficial to apply potassium manganate (VII), because the oxidation process is additionally supported by sorption and catalytic properties of manganese (IV) oxide [19, 20] . Uncomplexed Fe(II) was oxidized almost instantaneously (t < 1s) by the addition of potassium manganate (VII). However, the presence of significant amounts of humic or fulvic acids, resulting in a high degree of Fe(II) complexation, inhibited Fe(II) oxidation efficiency. Analysis of the results of the tests carried out on infiltration water of the Oława river showed that the efficiency of removing humic substances increased along with the dose of potassium manganate (VII) and with an increase of iron concentration in untreated water [12] . The same finding was reported by Knocke, who thinks that the resulted manganese (IV) oxide acting as a weight and adsorbent improves sedimentation properties of iron(III) hydroxide and the related humic substances [10] . An advantage of potassium manganate (VII) as an oxidizer is also that it does not generate formation of oxidation side products having negative effects on human health [23] . The aim of the present study was to compare the efficiency of dissolved oxygen and potassium manganate (VII) for iron removal from the groundwater with an increased quantity of organic substances via oxidation and sedimentation processes.
MATERIALS AND METHODS

Water samples
The subject of research was groundwater from Quaternary formations characterized by a high concentration of total iron -amounting to 7.20 mgFe/dm Iron (II) and iron (III) compounds were present in the water. The concentration of dissolved oxygen changed within the range of 0.50 to 0.60 mgO2/dm 3 , and the pH value within the range of 7.00 to 7.14 (Tab. 1). The water samples examined differed in terms of the value of the ratio of the TOC concentration and the concentration of total iron (D), the participation of the concentration of Fe(II) in the concentration of total iron (C), and its turbidity and intensity of colour indicated the presence of colloidal and dissolved combinations of iron with organic compounds.
Experimental procedure
In the research the effectiveness iron removal from the groundwater after aeration and chemical oxidisation was determined. The effects of water treatment in technological systems were assessed: -oxidation of Fe(II) by dissolved oxygen and 2h sedimentation, -oxidation of Fe(II) by potassium manganate (VII) and 2h sedimentation. The raw water was aerated with compressed air for a period of time of 15 min, obtaining a dissolved oxygen concentration at a level of about 10 mgO2/dm 3 , that is, about 100 % water saturation with oxygen. Also, chemically pure solution of potassium manganate (VII) was used to oxidise the Fe(II) ions; the oxidisation time amounted to 5 min, and the dose of oxidising agent was determined in view of the concentration of Fe(II) at an amount equal to 100% of the stoichiometric demand (DstechKMnO4=2.50÷4.10 mgKMnO4/dm 3 ). ], d-optical pathlength (mm) [33] . Iron (II) was measured using the 1,10 phenanthroline method. Total iron was measured using the same method except that a reducing reagent was also included in a reagent powder pillow to convert Fe(III) to Fe(II). The TOC was measured with a Shimadzu TOC analyzer. The pH of the raw water and the purified water was determined with an WTW Multi Line P4 with an combination pH electrode with temperature corrections. The dissolved oxygen of the raw water and the purified water was determined with an WTW Multi 3410 SET 4 with an optical oxygen sensor FDO R 925 (Germany). Turbidity was measured using the Hach 2100N Turbidimeter-the nephelometric method. Manganese concentrations were determined with the atomic absorption method (Analyst 700, Perkin Elmer Company, US).
Analytical methods
RESULTS AND DISCUSSION
Raw Water
It has been shown that in the raw water samples turbidity correlated with the concentration of Fe(III) and the coefficient D (the value of the ratio of the TOC concentration and the concentration of total iron), and the intensity of colour
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with the concentration of total iron, Fe(III) and also the coefficient D. A linear dependence has also been found between the coefficients D and C (the participation of the concentration of Fe(II) in the concentration of total iron). Equations of linear correlations between them, the values of the results of the Pearson correlation (R) and the probability of the occurrence of the correlation (p) are presented in Table 2 . The values of the coefficients of the Pearson correlations indicate an important dependence between the indices of water pollution under research. It has been shown that as values of the coefficients determining the quantity of organic pollution related to the total iron concentration increased, the intensity of colour and turbidity of the water samples under research decreased, and as values of the ratio of the TOC concentrations and Fe total (D) increased the participation (%) of Fe(II) ions in Fe total (C) increased, which confirms the importance of the influence of the occurrence and concentration of organic substances in decreasing the rate of oxidisation of Fe(II) to Fe(III).
Oxidation of Fe(II) to Fe(III)
In order to oxidize Fe(II) to Fe(III) the groundwater samples were aerated or chemically pure solution of potassium manganate (VII) was used in a stoichiometric amount in comparison to the concentration of Fe(II). Regardless of the oxidizing agent which was used the oxidization rate was greater than 87%. However, the difference in the time of the oxidization of Fe(II) during aeration and oxidization with potassium manganate (VII) was important. After aeration, a further increase in colour was observed in the water samples during two hours sedimentation in comparison to 15 minutes aeration, which meant that there was further oxidization of Fe(II) to Fe(III). This phenomenon was not observed when potassium manganate (VII) was used as an oxidizing agent. Potassium manganate (VII) caused a decrease in the colour of the water, and also a less increase in the turbidity of the water in comparison to the water samples after aeration (Tab.3). According to Ficek [4] potassium manganate (VII) reacts rapidly with iron (II) also in the presence of organic substances and it is a versatile oxidant that will react with organic compounds easily breaking carbon-carbon double bonds and oxidizing functional groups that are responsible for many problems in drinking water such as colour and taste. Some researchers have expressed an opinion that utilization of a strong oxidizing agent to break the organic molecules, thus reducing the colour, can also make the organic substance much less tenacious as a complexing agent [18] . The rate of oxidisation of Fe(II) during aeration was determined by the value of the coefficient of co-occurrence of TOC and total iron in raw water (D).
As it increased the effectiveness of the oxidisation of Fe(II) with oxygen dissolved in the water decreased, which was especially clear in the case of the water samples which differed in the value of the coefficient D - Fig. 2 . Table 4 , it can also be stated that colour intensity and turbidity of aerated water increased with increasing Fe (III) concentration. In the
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water samples in which potassium manganate (VII) was used to oxidize Fe(II) a dependence between the value of the ratio of coexistence of organic substances and iron total and the rate of oxidization of Fe(II) to Fe(III) was not observed. Comparison of Fe (II) oxidation efficiency in water samples with the same value of coefficient of co-occurrence of organic matter and total iron (D = 1.00) showed slightly higher oxidation efficiency with with the use of potassium manganate (VII) (96%) than 15 min of aeration (88%).
Effectiveness of removing iron in the process of sedimentation
Despite great efficiency in oxidizing Fe(II) to Fe(III) with dissolved oxygen and potassium (VII) manganate, the two hour sedimentation did not ensure adequate removal of iron from water. Oxidation products were finely dispersed, whereas after sedimentation iron compounds (III) remained first of all. The experiment results presented in Tables 1 and 5 lead to the conclusion, that all water samples after aeration and sedimentation were characterized by a greater colour intensity and turbidity than the water raw. In the majority of water samples, after undergoing aeration and sedimentation, no changes in the content of organic pollutants were found (in the other samples the changes were 24 Izabela KRUPIŃSKA minimum), which indicates that only inorganic iron compounds (III) sedimented. On then hand, invulnerable to sedimentation colourful finely dispersed compounds of Fe (III) stabilized by organic compounds were left in water. The experiment results presented in Table 6 also show that the dissolved organic compounds (approximately 74%) that remained in the filtrate was formed by water soluble fractions and iron compounds, (mainly Fe(III)) occurred in the aerated water in a form of colloids and hardly sedimenting particles. It was found, that after oxidation by potassium manganate (VII) and sedimentation the colour intensity and turbidity of water samples decreased. Furthermore, after potassium manganate (VII) oxidation, the efficiency of removing iron and manganese compounds and organic substances presented in water samples was greater than after aeration (Table 1 and 5 ). The greater water treatment efficiency after applying potassium manganate (VII) was probably caused by the precipitating manganese oxide (IV). This proves reports in literature [9, 16] , that in neutral environment, or close to it, which is the usual property of natural waters, in order to oxidize Fe(II) ions occurring in compounds with organic substances, it is beneficial to use potassium manganate (VII), because a reaction product, apart from iron(III) hydroxide, is manganese oxide (IV) which, acting as a weight and adsorbent, improves sedimenting qualities of ferro-organic agglomerates. Applying potassium manganate (VII) was also beneficial due to the fact, that pH of the treated water did not increase (pH of raw water: 7.00-7.14; pH after oxidation KMnO4: 7.05-7.17; pH after aeration: 8.00-8.16 - Tables 1 and 5 ). Narkis and Rebhun [27] degree of dissociation of humic substances leads to a decrease in the efficiency of removal of heavy metals from water as a result of formation of colloidal and dissolved metal-organic compounds. In case of groundwater, coloured chelating iron complexes with organic substances, especially with humic matter, can form. This can be confirmed by the results of the research carried out by the author of the present paper, where in water samples after oxidation and 2h sedimentation and only after applying dissolved oxygen as an oxidizer causing an increase of pH to ≥ 8, it was found, that water colour intensity increased (up to approximately 60%), the efficiency in removing iron compounds grew by 43% on the maximum (for the lowest value of the ratio D=0.50), whereas the removal of organic substances proved to be inefficient (Table 1 and 5 ). The analysis of the experiment results also showed that the effect of D value on the efficiency of removing total iron was significant only when aeration was applied. Along with an increase of the quotient TOC/Fetot, the efficiency of removing iron compounds from water after aeration in the sedimentation process decreased (Fig. 3 ). The regularity found confirms the literature reports [5] , that an increase in organic ligand amount in the raw water leads to an increase of the durability of ferro-organic compounds as well as of the content of dissolved coloured ferroorganic complexes difficult to remove in sedimentation process. In water samples after oxidation with potassium manganate (VII) and sedimentation the efficiency of removing total iron was greater than the one reached when oxidizing with dissolved oxygen (Table 5) , however, it did not correlate with the values of the coefficient of organic compound and total iron (D) co-occurrence in raw water. Comparison the efficiency in removing total iron from water samples with the same D value (D=1.00) confirmed a greater efficiency in removing total iron from water containing doses of potassium manganate (VII), however it did not guarantee an adequate elimination of iron compounds, the
